In order to get a more accurate finite element model of a spatial lattice structure with bolt-ball joints for health monitoring, a method of modifying the bolt-ball joint stiffness coefficient was proposed. Firstly, the beam element with adjustable stiffness was used in the joint zone in this paper to reveal the semirigid characteristic of the joint. Secondly, the value of stiffness reduction factor ( ) was limited in the range of [0.2, 0.8] and the reference value ( 0 ) of it was suggested to be 0.5 based on referenced literatures. Finally, the finite element model fractional steps updating strategy based on neural network technique was applied and the limited measuring point information was used to form the network input parameter. A single-layer latticed cylindrical shell model with 157 joints and 414 tubes was used in a shaking TABLE test. Based on the measured modal data, the presented method was verified. The results show that this model updating technique can reflect the true dynamic characters of the shell structure better. Moreover, the neural network can be simplified considerably by using this algorithm. The method can be used for model updating of a latticed shell with bolt-ball joints and has great value in engineering practice.
Introduction
Structural health monitoring is becoming increasingly important, not only in the prevention of catastrophic failures, but also in improving maintainability of aerospace, civil, and mechanical infrastructure. An improved understanding of the capacity and performance of a structure within its serviceability limit states is a critical need and most often implemented by means of structural identification (STI) [1] .
A typical STI application involves the determination of the modified parameters of a structure and subsequent revision of its finite element model accordingly, such that the improved (calibrated) model accurately simulates the response of the structure, as verified from field measurements [2] . It is crucial that the models are calibrated through STI procedures to permit reliable simulations and genuine performance assessments.
A good finite element model that accurately predicts the dynamic response of an actual structure is a prerequisite for many damage detection techniques. Structural model updating refines an analytical model using test data to better predict the dynamic behavior of a structure. In the last decade, finite element model updating has been intensively researched, and robust methods are now available to calculate adequate values of the selected model parameters from experimental data. Artificial neural networks (ANNs) have been successfully implemented in STI and model updating studies in the literature [3] [4] [5] [6] .
In real engineering projects, especially in long-span spatial structures, there are plenty of tubes and nodes; therefore, the number of parameters that need to be updated is large, which causes increase in the processing time and reduces the efficiency and accuracy of prediction, and the samples would lead to data explosion when training the ANN [7] .
In order to solve this problem, fractional steps model updating method for different engineering structures is proposed. Both the substructure method and radial basis function neural network (RBF) were introduced into finite element model updating of single pylon cable-stayed bridges [4] , which simplified the process of model updating and (2) , high strength bolt (3), steel tube (4), end cone (5), sleeve (6) , slot (7) , dowel pin (8) , and deep-rich (9) contact surfaces.
greatly improved the updating efficiency. A stepwise model updating method based on substructures and ANN was presented by He et al. [6] . A single-layer reticulated dome was first divided into multilayer substructures, and model updating was then done step by step according to appropriate damage factors. However, only the elasticity modulus of tubes was updated.
There are also researches on updating the finite element models of structures with semirigid joints. In order to consider both the moment-rotation and shear-displacement characteristics of such joints, a hybrid finite element was proposed by Liu et al. [8] . Both of the characteristics of semirigid joints could be simulated by this element. However, due to the complicated operation, it is inconvenient for engineering application.
With the major advantages of material saving, aesthetic appearance, high construction speed, and high fabrication accuracy, single-layer latticed shells with bolt-ball joints are outstanding spatial structures [9] . Figure 1 illustrates the detailed structure.
Four types of fine bolt-ball joint finite element models were developed according to joints in a shaking TABLE experiment model of a single-layer latticed cylindrical shell with 157 joints and 414 tubes [10] . The friction coefficient and contact were used to simulate the sliding between the high-strength bolts and steel ball. The influences of the dowel pin and pretightening force were ignored. The -(bending moment and rotating angle) curve of the bolt-ball connections was obtained. The connection was simplified to a joint element with the same inertia moment ; the elastic modulus of the joint element was determined from the obtained curve.
When the friction coefficient and contact parameters were determined according to the results of repeated trials, the stiffness reduction factors of the four types of bolt-ball joints were obtained (i.e., 0.524, 0.466, 0.317, and 0.122). By using these factors, sound model updating results could be determined. However, this method is still not practical for engineering applications, as the modeling process is complicated, even with a number of stiffness reduction factors and simplified assumptions. In fact, there is a difference in the bolt tightness due to manual operation, which cannot be simulated correctly by this model.
The spatial lattice structure with bolt-ball joints has the characteristics of modeling difficulty and plenty of tubes and nodes. In order to get a more accurate finite element model of a spatial lattice structure with bolt-ball joints for health monitoring, a new method that is suitable for the spatial lattice structure was proposed in this paper and then was used to analyze experimental results of a singlelayer latticed cylindrical shell model with 157 joints and 414 tubes tested using a shaking TABLE. Based on the measured modal data, the presented method was verified. The results show that this model updating technique can reflect the true dynamic characters of the shell structure better. Moreover, use of the general regression neural networks (GRNN) for model updating can be simplified considerably by using this approach. The method can be used for model updating of a latticed shell with bolt-ball joints and has great value in engineering practice.
Construction of Semirigid Model
In analysis of space structures, conventional designs and analyses of lattice shell structures are based on such an assumption that the connection behaves as either a pinned or rigid joint. However, the joints in most of the space structures are semirigid and their actual behaviors do not conform to either of the two extremities. A bolt-ball joint system with partial bend-bearing capacity is a typical semirigid joint system, which may be the main reason for the large difference in the results from dynamic testing and numerical simulation.
The accuracy of the finite element model of a spatial lattice structure depends on the connection mode between the tubes and the bolt ball. Figure 1 illustrates the detailed structure. The beam element with adjustable stiffness is used in the joint zone to reveal the semirigid characteristic of the joint, as shown in Figure 2 . And then take the boundary conditions, the load cases, material property, and so on into consideration; the finite element model is finally constructed, which is called a semirigid model in this paper. is the length of the element; is the stiffness reduction factor (the joint element-member element stiffness ratio), where 0 < < 1.
is the element stiffness of the member; is the element stiffness of the joint, with coefficient defined considering the friction coefficient, contact parameters, and prestress force.
Updating Strategy Basing on GRNN

ANN and GRNN.
An ANN is a biologically inspired information processing system that mimics a biological nerve system to exploit the imprecision and uncertainty of problems for deriving valuable and robust models [11] . It is composed of a large number of highly interconnected processing elements that are tied together with weighted connections and work in parallel to solve specific problems.
ANNs are particularly suitable for situations where conventional constitutive modeling may be insufficient, tedious, or time consuming. One of their distinctive characteristics is the ability to learn even in cases of erroneous, incomplete, or fuzzy data and make a reliable prediction on datasets not previously seen [12, 13] . Their unique learning and prediction characteristics make them a popular tool for modeling problems encountered in various applications of civil and structural engineering. GRNN has been proposed by Specht [14] . It uses a radial basis activation function, requires less training parameters, is difficult to become the local minimum, and is probabilistic compared to the traditional ANN [15, 16] . GRNN is often a three-layer network in which there must be one hidden neuron for each training pattern. The GRNN is a type of supervised network and also trains quickly on sparse datasets, but rather than categorizing them, GRNN applications are able to create continuous valued outputs [17] . A principal advantage of GRNN is that they involve a one-pass learning algorithm and are consequently much faster to train than the well-known back-propagation paradigm [14] . Furthermore, they differ from classical neural networks in that every weight is replaced by a distribution of weights. GRNN is related to the RBF, based on a standard statistical technique called Gaussian kernel regression [18] .
Determination of GRNN Input Parameters.
A structure's natural frequency can be readily obtained by testing, and the value is relatively accurate. The frequency can reflect the dynamic characteristics of the whole structure; therefore, it is a good input parameter in model updating based on ANN [19] . However, the change of mode shape is very sensitive to structural damage, which is critical when a large spatial lattice structure is undergoing damage detection. Therefore, it is necessary to adopt a reasonable combination of frequency and mode as the input parameters according to the characteristics of a spatial lattice structure. The updated model requires that the natural frequency be close to the measured data and that the modal assurance criterion (MAC) value should be close to 1 as possible [1] .
In this paper, the combined parameters of frequency and mode (CPFM) are adopted as the GRNN input as follows:
where is the order of the frequency; is the order of the mode shape; FRE ( = 1, 2, . . . , ) is the th order frequency; and DF = ( 1 , 1 , . . . , , ) and is the normalized modal vector of the measured degrees of freedom in the th order mode, which is calculated with the following formula:
where is the th degree of freedom component in the th order mode.
For spatial lattice structures, the modes are complicated and dense, and the high order modes are difficult to excite and identify. Based on engineering testing, the order of the natural frequency should be less than the first five ( ≤ 5) and the modal shape should be less than the first three ( ≤ 3) to ensure the validity of the measured data [20] . A relatively simple vibration form in these ranges is preferable.
Fractional
Step Updating Algorithm. The modal calculation of a spatial lattice structure with a semirigid joint was carried out with joint bending stiffness in different testing samples: that is,
is the member element bending stiffness, ( = 1, 2, . . . , , with as the number of corrected parameters) is the reference value of a stiffness reduction factor assumed to be 0 , 0 is the step of training samples within the variation range of [− 0 , 0 ] ( 0 < 1), and 0 is the number of steps, as shown in Figure 3 .
Applying the calculated CPFM as the input of the GRNN, the corresponding joint stiffness reduction factor can be obtained as the output, and according to these values, the sample database for the relationship between the CPFM and the joint stiffness reduction factor can be established. The number of training samples is ( 1 ( 0 +1) ) , " 0 + 1" stands for the total numbers of certain corrected parameters, and "1" stands for one of the total numbers of certain corrected parameters, when a one-step updating algorithm (model updating in a single step) is adopted; however, the one-step updating algorithm induces a data explosion and decreases the nonlinear mapping capacity when it is applied to a spatial lattice structure with multiple parameters, although it is theoretically feasible.
The fractional steps updating algorithm is proposed in this paper, in order to alleviate the data explosion and mitigate the loss of mapping capacity. The detailed procedure of th updating steps is described in the following paragraphs.
In the first updating, is set to 0 , the step of training samples is set to 1 in the variation range of [− 0 , 0 ] ( 0 < 1), and 1 is the number of steps.
(where = 1, 2, . . . , ) are put into the model of a spatial lattice structure with a semirigid joint; the modal calculation is then carried out.
Sample database 1 on the relationship between the CPFM and the joint element stiffness reduction factor is established. The calculated CPFM is the input of the GRNN, and the corresponding stiffness reduction factor of the joint is the output, which is used to train the GRNN. The CPFM input of the GRNN is obtained from the results based on the measured modal data of the spatial latticed structure, and the output is the initial updating result of the stiffness reduction factor, namely, 1 (where = 1, 2, . . . , ).
In the second updating, the corresponding stiffness reduction factor is 1 , the step of training samples is set to 2 within the variation range of [− 1 , 1 ] ( 1 < 0 ), and 2 is the number of steps. 1 ×(1−( 2 /2) 2 ) , . . . , 1 ×(1− 2 ) , 1 ×1.0 , and 1 × (1+ 2 ) , . . . , 1 ×(1+( 2 /2) 2 ) are put into the semirigid model of the spatial lattice structure. The modal calculation is then carried out; sample database 2 is established.
Similarly, the next updating results of the stiffness reduction factor, namely, 2 , can be obtained. This continues with th updating steps and building sample database and the th updating results of the stiffness reduction factor can be obtained, namely, .
When 0 is in the range of [−60%, 60%], 0 = 0.1, 0 = 12, and = 3, the number of GRNN samples under a one-step algorithm is the value of ( 3 , which is 2197. However, when the updating is divided into three steps, namely, 0 = 0.6, 1 = 0.6, and 1 = 2; 1 = 0.3, 2 = 0.3, and 2 = 2; and 2 = 0.1, 3 = 0.6, and 3 = 2, the number of GRNN samples in each step is ( 3 , that is, 27. Thus, the total number of samples is 3 × 3 × 1 3 , that is, 81. The ratio of the number of samples between the two types of algorithms is 0.0123 (27/2197); the ratio of the total number of samples is 0.0369 (81/2197). Obviously, the fractional steps updating algorithm greatly reduces the number of training samples. Moreover, the advantages of the fractional steps updating algorithm are more significant when the number of parameters is larger (with increasing ).
Convergence Criteria and Flowchart.
Based on engineering testing and numerical simulation, the minimum frequency error between the measured results and the theoretical results is at least up to 1% [21] , to assess the effectiveness of the updated model; the convergence criterion was chosen as
where ( −1) is the th order frequency value derived from the ( − 1)th updating and is the th order frequency value derived from the th updating.
With ( ( −1) , ) under the condition of ( ( −1) , ) ≤ 1% (where is the needed order of the frequency), the updating is stopped with the corresponding (where = 1, 2, . . . , ) as the final updating results of the stiffness reduction factor. Otherwise, the ( +1)th updating continues.
Theoretically, model updating approaches both in multisteps and in single step must meet the same convergence criterion, which indicates that these two approaches can attain the same accuracy.
The finite element model updating flowchart of the spatial lattice structure in consideration of the semirigid characteristics of the bolt-ball joint is shown in Figure 4. Figure 5 . The test shell was constructed with a bolt ball; the stiffness of the connection was enhanced by increasing the size of the bolt and sleeve. There were 4 kinds of tubes and corresponding bolts, as shown in Table 1 .
Finite Element
The bolt ball was a BS180 type; the 2nd column space was selected as a typical one, considering a 7-column space and its similarity in the number and type of the tubes, and is shown in Figure 6 . The experiment was done in an 8-seismic array, as shown in Figure 7 , at Beijing University of Technology.
The BEAM44 of ANSYS was applied to the test shell. BEAM44 is a uniaxial element with tension, compression, torsion, and bending capabilities. The element has six degrees of freedom at each node: translations in the nodal , , and directions and rotations about the nodal -, -, and -axes. To guarantee the precision of modal calculation, each tube was divided into five elements.
According to the modal results obtained from numerical simulation, the measuring point layout priority comprehensive scheduling method was used for the arrangement of the sensors [7] . The sensors were just placed in the and directions while no sensor was placed in the third direction for the fact that, through modal theory analysis, the vibration in the third direction is weak, as shown in Figure 5 . The sinusoidal excitation method was used in the dynamic test. The first four natural frequencies and the first three modal shapes were tested with two electromagnetic exciters with output of 50 N, two DF1010 ultra-low-frequency function generators, and two KD2701 power amplifiers over the length of the test model. The method of test data processing used in this paper can be seen in [7] .
Usually during engineering design of single-layer reticulated shell model, the length of a tube is usually considered to be the distance from one bolt-ball center to another; the joint connection is assumed to be rigid, which is defined as the rigid model in this paper. The frequency rate ( ( , )) and modal assurance criterion (MAC( , )) were adopted to assess rationality of the rigid model with the following expressions: 
Obtaining the a r2
Training GRNN A 2
The (n + 1)th updating
Obtaining the a r1
Training GRNN A 1
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Estimating the first correction range (i.e., ±R 1 ) where ( = 1, 2, . . . , ) is the actual measured natural frequency, ( = 1, 2, . . . , ) is the measured modal shapes, ( = 1, 2, . . . , ) is the natural frequency obtained from the theoretical calculation, ( = 1, 2, . . . , ) is the modal shape obtained from the theoretical calculation, and is the matrix transposition. The numerical model becomes more reliable as ( , ) approaches 0 and MAC( , ) approaches 1 [20] . The minimum error of 16.58% (2nd order) can be seen in Table 2 . The errors were induced by numerous factors, such as changes in support stiffness, and coordinate deviation of tubes and joints. However, ignoring the semirigid characteristic of bolt-ball joints is the main reason for the errors in the rigid model. Therefore, a fine numerical model was developed in this paper, by considering the semirigid characteristics of bolt-ball joints.
Corrected Parameters Determination.
At present, many researches about spatial lattice structure have been reported. For example, by studying the welded spherical joints with beam element replacing nodes, Wang [22] concluded that good equivalent results were obtained when the ratio of the axial stiffness between tubes in the joint zone and the nonjoint zone was within the range of 45% to 50%.
Much work has been done on the mechanical behavior of bolt-ball joints [23] [24] [25] [26] . For example, the -(bending moment and rotating angle) curve of bolt-ball joints was considered in an analysis of the seismic behavior of Kiewittype single-layer reticulated shells with bolt-ball joints [23] . The seismic internal force coefficients of K8 and K6 singlelayer spherical shells were proposed to be 1.80 and 1.44, respectively, which were bolt-ball joint stiffness reduction factors of 0.55 and 0.69 (i.e., reciprocals of 1.80 and 1.44), respectively.
Through an examination of the ultimate bearing capacities of bolt-ball joints (M20, M24, and M27) in K8 and K6 single-layer spherical shells, Fan et al. [26] concluded that the bolt-ball joint ultimate bearing capacity was approximately 0.4 to 0.8 times of that of a rigid joint.
In the literature [10, 22, 23, 26] , the reference value of was 0 (where = 1, 2, 3, 4), which was set to 0.5. In order to obtain a more realistic reduction factor for the test shell, the value of was limited in the range of [−60%, 60%], that is, in the range of [0.2, 0.8]. Literature [27] shows that the corrected precision requirement could be satisfied when the value of ( = 1, 2, . . . , ) is 0.1.
There are numerous parameters in the finite element model of a spatial lattice structure, and the sensitivity of each parameter to the dynamic characteristics is different. Therefore, if all of the parameters are taken into account in the model updating process, huge amounts of calculations and computer time are required, making a very inefficient model, and the results diverge. Accordingly, the relatively sensitive parameters are always chosen as the variables of the model updating problem; the dynamic sensitivity analysis of the parameters is turned into an effective way to solve the above problem [28] .
There were four types of joint connections in the test shell model (i.e., M16-32 × 2.15, M24-48 × 3.5, M24-60 × 3.5, and M27-89 × 3.75). To obtain their dynamic sensitivity, As shown in Figure 8 , the joint element stiffness of M16-32 × 2.15, M24-48 × 3.5, and M24-60 × 3.5 makes a considerable impact on the fundamental frequency of the test model; however, the joint element stiffness of M27-Φ89 × 3.75 makes slight influence on it. The same law was evident for the frequency in the other orders. Therefore, the influence of M27-Φ89 × 3.75 was omitted in the updating process; that is, its joint element stiffness reduction factor was considered as 0.5.
In this paper, the bolt-ball joint element stiffness reduction factors of M16-Φ32 × 2.15, M24-Φ48 × 3.5, and M24-Φ60 × 3.5 were corrected by GRNN. It was assumed that the same types of bolts had the same connection stiffness and that all connections were in sound condition; that is, the reference value of 0 ( = 1, 2, 3) was 0.5 and the optimized range was [0.2, 0.8]. Figure 4 , the detailed procedures of fractional steps model updating were as follows:
Analysis of Corrected Results. According to
(1) For the first updating, the values of 0 × (1 − 0.6) , 0 × 1.0 , and 0 × (1 + 0.6) ( = 1, 2, 3) were put into the semirigid model of the test shell. The modal calculation was carried out with 10 = 20 = 30 = 0.5, 1 = 0.6, and 1 = 2 and the allowable variation range for 0 was [−60%, 60%]. The CPFM (i.e., a 40 × 1 matrix) was derived from the first four natural frequencies and the first two modal shape components of the 18 sensors located on both -and -axes of the 9 positions (i.e., the solid black circles in Figure 5 ). Sample database 1 for the relationship between the CPFM and the joint element stiffness reduction factor of the test shell was established.
Through the training of the GRNN with the CPFM, which was derived from the measured frequencies and modal shape components, with the input and the joint element stiffness reduction factors as the output, the joint element reduction factor of the test shell could be identified by the reverse neural network model. For further information and a complete formulation of GRNN as well as their detailed implementations steps, the reader is referred to a number of publications in the literature, such as [1, [15] [16] [17] [18] . The initial correction results of the stiffness reduction factor were drawn ( 11 = 0.721, 12 = 0.573, and 13 = 0.201).
(2) Based on the results of the first updating, the results of the second updating were obtained ( 21 = 0.658, The results of the updated frequency in the above steps and ( ( −1) , ) are shown in Table 3 . It is obvious that ( 2 , 3 ) < 1% after the third updating, indicating that the results meet the convergence criterion after just 3 corrections. The results of the third updating and measured values are shown in Table 4 , the comparison of frequency is shown in Figure 9 , and the comparison of modal shapes is shown in Figure 10 .
From Tables 3 and 4 and Figures 9 and 10 , the following conclusions can be made:
(1) The trend of the correction results after each updating showed that they subsequently became closer to the measured value. The frequency errors of any order were reduced greatly, and the corrected results of the first-order mode were in good agreement with the measured results, accurately reflecting the true value of the dynamic characteristics of the test model. The correction method proposed in this paper was shown to be reasonable and effective.
(2) The characteristics of a huge structure and limited incentive energy in a spatial lattice structure led the lower order modes to be easily excited and the firstorder mode to be a simple translation movement; therefore, the measured results were in good agreement with the corrected ones. The third-order mode was complex and local vibration modal shapes may have existed, leading to the nonideality of the measured results; therefore, the large error in the thirdorder mode was because the inaccurate measured results were not taking into account in the GRNN input parameters.
(3) Although the error between the corrected and measured modes was greatly reduced, there were still some errors from other factors. For example, it was assumed that the geometry size and material properties of the tubes could be obtained accurately, and the stiffness correction of M27-Φ89 × 3.75, which had a low dynamic sensitivity, was not taken into account. GRNN may cause a little error when generalized with the experimental data. Moreover, the installation accuracy and testing environment during the test process could also have influenced the testing precision.
Conclusions
In this paper, the method that proposed the finite element model fractional steps updating strategy for a spatial lattice structure based on the GRNN authors has been proposed. It was applied to a test shell; the main conclusions are as follows:
(1) A new algorithm, the finite element model fractional steps updating strategy for a spatial lattice structure based on the GRNN, was proven to be reasonable and effective when applied to the test shell. Compared with the correction methods of the traditional matrixes and parametric types, the new algorithm has the advantages of definite physical meaning, low computational complexity, strong robustness, and high accuracy. (2) The new algorithm avoids the disadvantages of the GRNN, such as data explosion and decreased nonlinear mapping capacity. Therefore, it can be used easily and appropriately in model updating of a spatial lattice structure with the characteristics of multitudinous tubes and joints. (3) To address the limited number of measured points on actual structures in project monitoring, the CPFM derived from low-order modal data of the limited measurement information of the structure was adopted as the input parameter of the GRNN and applied to the test shell. It was proven to be reasonable and effective. Therefore, the new algorithm is suitable for the correction of incomplete modal data. (4) The method proposed in this paper is effective given the main effect factor (The semirigid characteristic of the bolt-ball joints) on the natural vibration characteristics. However, other effect factors, such as the elastic modulus of tubes and coordinate deviation of tubes and joints, also have some effect on it, so further studies considering more effect factors should be promoted.
